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Abstraet

The sequential utilization of glucose and cellobiose during anaerobic fermenta-
tions of Bretlanomyces clausenii was investigated to develop a mathematical model
for a simuitaneous saccharification and fermentation process. Fermentation of cel-
lobiose was found to be mediated by the presence of extracellular 3-glucosidase,
which is repressed and inhibited by glucose. A kinetic modei containing a number
of parameters, which can be determined experimentally, was developed for simulat-
ing the dynamics of yeast fermentation of mixtures of glucose and cellobiose. An
alternative cybernetic model, which is based on the viewpoint that microbial be-
havior is the outcome of an instantaneous optimization strategy to maximize their
growth rate, is also developed using a much smaller number of parameters. Both

. models were shown to be similarly capable of simulating the yeast growth dynam-
ics in batch cultures, as well as perturbed cultures with intermittent additions of
glucose.

Introduction

Simultaneous cellulose hvdrolysis and carbohydrate fermnentation to ethanol.is an area
of active research for the conversion of renewable resources, such as wood from short
rotation forests, into liquid fuels such as ethanol. Simultaneous saccharification and
fermentation(SSF) is considered advantageous relative to a two step process of saccha-
rification and fermentation since the fermentation of glucose and cellobiose prevents
the accumulation of these sugars, thereby reducing the end-product inhibition of the
cellulolytic enzymes. Operation, evaluation and improvement of this combined process
require a clear understanding of the kinetics of both of the two process steps.

. The kinetics of cellulose hydrolysis has been investigated by several researchers. 1.
Cellulose hvdrolysis by the commonly used cellulase isfound to be a two-step pro-
cess with the exo- and endo-giucanases catalyzing the production of cellobiose and

- *To whom corfespondence should be addressed
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B3-glucosidase catalyzing the hydrolysis of cellobiose to glucose. The enzymatic reac-
tion rates are variously modeled as modified Michaelis-Menten expressions, with the
modifications representing competitive or non-competitive inhibitions by cellobiose and
glucose. For any given cellulase system, the type of rate expressions to be used can be:
determined through initial rate experiments.

The kinetics of yeast fermentation on a mixture of glucose, cellobiose and higher
cellodextrins are not as easily determined. To alleviate the end-product inhibition of
the glucanases by cellobiose, an organism capable of growing on both glucose and cel-
lobiose, e.g., Bretianomyces clausenii, is preferred for the SSF process [2]. Simulation of
microbial growth and fermentation dynamics on multiple substrates using unstructured
models, such as modified Monod terms or additive Monod terms etc., fails to predict the
growth dynamics. This is mainly a result of the complexity of the microbial regulatory
processes such as the repression/induction and inhibition/activation of some catabolic
enzymes by the catabolites of faster growth supporting substrates.

In this paper, we develop structured models for growth dynamics of the yeast
Brettanomyces clausenii on mixtures of glucose and cellobiose by incorporating the re-
pression and inhibition of catabolic enzymes into the model equations. Two different
approaches are followed for the development of these models: one is the more common
kinetic modeling approach which requires the use of a large number of parameters, and
the other is 2 new development in growth modeling known as the cybernetic modeling
approach {3,4]. The cybernetic approach assumes the microorganism to be an optimal
strategist, i.e., through the regulatory mechanisms of repression/induction and inhibi-
tion/activation, the microbial cell maintains some optimal condition which is discussed
later. For more background on the cybernetic perspective, the reader is referred to the
original literature [3,5]. Both kinetic and cybernetic model simulations are compared
with the experimental resuits. :

Materials and Methods
Organism

Parent yeast Brettanomyces clausenii (ATCC 10562), which was obtained from NRRL,
gave rise to a faster growing, morphologically altered veast after extended serial SSFs.
This faster growing strain was the fermenter in all experiments.

Medium

Yeast Nitrogen Base(YNB) w/o amino acids, a completely defined carbon free medium
containing vitamins and a nitrogen source, was obtained from Difco Laboratories and
is described elsewhere [6]. Glucose and cellobiose were added to produce concentrated
media which were then filter sterilized with disposable Nalgene 0.2um filters.

Inoculum Preparation

The organism was stored in Nunc cryo tubes at -70° C in a 12% glycerol solution.
Inocula were grown in 250-mL shake flasks at 30° C. Inocula media consisted of YNB
w/o amino acids with glucose or cellobiose added according to the carbon source used
in the fermentor to be inoculated.
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Fermentor Description

Experiments were carried out in 5-L Braun Biostat V fermentors with initial culture
volumes of 4 L. Temperature was controlled at 30° C and pH was controlled at 5.0. The
medium was sparged with nitrogen for 30 minutes immediately following inoculation to
remove oxygen.

Sample Analysis
Cell Concentration

Cell dry weight was estimated from absorbance measured at 590 nm. Absorbance varied
linearly with cell dry weight up to approximately 0.17. Denser samples were diluted
with measured quantitites of sterile media to obtain absorbances below 0.17.

Glucose and Cellobiose Cancentrations

Glucose concentrations were determined with a Yellow Springs Instrument Co. glucose
analyzer. Cellobiose concentrations were determined by first hyvdrolyzing the cellobjose
through addition of 3-glucosidase(Sigma). Samples were incubated for > 3 hrs at 30°C.
A second glucose assay was done for each sample. The result from the first glucose assay
was subtracted from the second and the difference was multiplied by the stoichiometric
coefficient to give the cellobiose concentration.

B-glucosidase Activity

B-glucosidase activity was determined via a colorimetric method. Sarnple aliquots were
diluted in a citrate buffer of pH 5.2 and were incubated at 50°C with p-Nitrophenyl
B-D-Glucopyranoside(Sigma) for 30 minutes. Incubation was quenched with 2.0 molar
sodium carbonate and absorbance at 410 nm was determined.

Results

Figure 1 shows the sugar concentrations and the logarithm of optical density. The
growth curve shows an initial lag phase, an exponential growth phase, during which
only glucose is consumed, and an immediate second exponential growth phase with a
slower growth rate, during which mostof the cellobiose is consumed. The slower growth
rate during the second growth phase is as expected and in complete agreement with the
recently tabulated general characteristics of microbial growth on multiple substrates (T

A surprising feature of the growth data is in the glucose concentration profile.
After the sugar gets completely utilized during the first growth phase, the glucose con-
centration in the extracellular medium rises sharply during the initial growth on the
remaining cellobijose and remains non-zero until cellobiose is almost completely utilized.
Also, 3-glucosidase assays showed a rapid increase in extracellular activity coincident
with the beginning of cellobiose hydrolysis. These results formn the basis for an as-
sumption, in our subsequent modeling efforts, that cellobiose utilization bv B. clausenii
1s solely through its extracellular hydrolysis to glucose and subsequent utilization of
glucose thus formed.

Significant 3-glucosidase activity was not found in the cell-free medium during
the first growth phase when only glucose was consumed. This observation suggests
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a repression of this enzyme synthesis by glucose when glucose is present in sufficient
quantities. Near completion of the first growth phase, 3-glucosidase synthesis appears -
to be derepressed due to the lower glucose concentration and induced by cellobiose, -
resulting in an immediate second growth phase without any intermediate diauxic lag. 3-
glucosidase activity was not detected after glucose depletion in the absence of cellobiose.

During growth on cellobiose only, i.e., when no glucose is added to the fermentor,
the extracellular glucose concentration increases to a significant level during cellobiose
hydrolysis: see figure 2. The glucose concentration is significant because it is of the
order of the Monod constant for glucose growth and therefore can greatly effect the
growth rate. This result further suggests extracellular cellobiose hydrolysis.

Kinetic Modeling

The growth of yeast is assumed to depend on the extracellular glucose concentration
in a typical Monod form. As all cellobiose is hydrolyzed extracellularly, the Monod-
type dependence on glucose alone will suffice for modeling of growth on cellobiose,
provided the enzymatic hydrolysis kinetics are also included in the model equations. The
original Monod term is unsatisfactory for simulating the growth dynamies in batch and
continuous cultures; such as the initial lag phase or response to perturbations. A simple
modification has been used (8] to improve this aspect of batch dynamic simuiation by
incorporating the intracellular level of a hypothetical key(or rate-determining) enzyme
for the catabolism of glucose. Thus,

. G =l ] (1)

where C is the cell concentration (g dw/L), s, is glucose concentration (g/L), e, is the
intracellular key enzyme mass fraction (g enzyme/g cell mass), K, is the saturation
constant and the product, pe;, replaces the maxirmum specific growth rate, p; mez,
which is in the unmodified Monod equation. The rate equation of the intracellular key
enzyme fraction can be written as:

d&]_ _ 81 ] (ldC)
at - [K=,+51 “eal\ga) e )

where the first term on the right hand side corresponds to its svnthesis. Induction
occurs through the presence of the sugar s5,. The second term corresponds to a dilution
of the intracellular mass due to cell growth (9], and the third term represents first order
degradation of the enzyme. From this equation, the maximum value for e; during
balanced growth phase on s, i.e., when de;/dt = 0, in batch cultures can be obtained
as: o
1
€lmas = ——a 3)
mas K1,maz + 51 (
The maximum specific growth rate, uy mgz, which is an experimentally determinable
parameter, is the same as pe; mqz in this structured model. Thus,

4= ,U'I.ma:(l-’-l.maz - 31) (4)
231
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If, at the beginning of a batch culture, the intracellular key enzyme fraction is smaller

than its maximum balanced growth phase level (possibly due to its degradation during

post-exponential or stationary phases of the inoculum culture), then the instantaneous

specific growth rate will be proportionally smaller than gy mez. This situation represents

an initial lag phase. The synthesis of e¢; begins immediately provided sy is present and

the instantaneous specific growth rate reaches its maximum.
The rate equation for sy can be written as

d.s; yelC [ $1 } [ 32 ] [ K3 ]
—_—= = k 5
dt Y LK)+ s, + vEze; K+ 32 | K3+ 51 ®)

where the first term corresponds to the consumption of sy for cell growth, related to
the cell growth rate in Eq. 1 by the yield coefficient Y;. The second term corresponds
to the production of v g glucose from 1g cellobiose. Cellobiose hydrolysis kinetics can

" be written as:
o[ )
dt Ko + S9 Ks + $

where s is the cellobiose concentration, e; is the extracellular enzyme concentration,
K, is the Michaelis-Menten constant, k, is the maximmm enzymatic reaction rate and
K3 is the dissociation constant for the non-competitive inhibition of this enzyme by
glucose. The synthesis rate of S-glucosidase is assumed to be the rate-determining step
relative to the secretion rate of this enzyme into the extracellular medium. Hence, the
rate equation for e; can be represented simply as: '

de; [ $2 ] [ K, ]
=2 = ay,C : - , 7
7] Qo Ke-_; T Kqa+ o Baez ( )

where the first term in brackets accounts for the induction of enzyme synthesis by
cellobiose and the second term in brackets represents the repression of enzyme synthesis
by glucose. The last term accounts for any degradation by extracellular proteases or
thermal denaturation.

Equations 1,2,5,6 and 7 comprise the kinetic model for the dynamic growth be-
havior of the yeast B. Clausenii on mixtures of glucose and cellobiose. The constants p,
K, and Y; are directly from the standard Monod model for microbial growth and can
be estimated readily through initial growth rate experiments. Similarly, the constants
k2 and K relate to the Michaelis-Menten kinetics of cellobiose hydrolysis and are also
estimated readily through initial reaction rate experiments. The constants a;, and 3,
correspond to the intracellular key enzyme synthesis and degradation rates. As this key
enzyme is hypothetical and not assayed, the estimation of these two constants is based
on the synthesis and degradation rates of an average enzyme in the yeast cells. These
two constants are also related to the maximum intracellular mass fraction of an average
enzyme in yeast cells, which is estimated from the literature. The constants o, and
B, relate to the synthesis and degradation rates of the extracellular 3-glucosidase. As
this enzyme is assaved, its maximum synthesis rate @, and its degradation rate 3, are
readily determined. The enzyme svnthesis saturation constants K., and K., are more
difficult to determine but can be estimated through curve fitting the initial lag during
the growth on single substrates at several different initial concentrations. The constants
K3 and K4 are the most difficult to determine and they are estimated through curve
fitting the sugar concentration profile in the perturbed batch cultures(for K1) and in
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the simple batch cultures(for K4) using various combinations of glucose and cellobiose
concentrations.

The kinetic model explicitly includes terms for the repression/induction and ac-
tivation/inhibition of key enzymes for substrate catabolism. Even this simple repre-
sentation of complex internal regulatory mechanisms introduces parameters which are
difficult to measure. .

The complexity of the biochemical pathways constituting the regulatory mecha-
nisms in the microbial cell present obvious difficulties when utilizing the kinetic modeling
approach with any degree of thoroughness. The inclusion of terms representing phe-
nomena such as catabolite repression is necessary if the kinetic model is to exhibit even
a qualitative accuracy. However, the quantity and quality of the kinetic parameters
rapidly increase in number and obscurity when additional pathways are represented in
a kinetic model.

While striving for quantitative accuracy, an important goal of useful modeling
techniques, kinetic modeling of biological systems quickly strays from the oversimplified
Monod and Michaelis-Menten expressions. The major difficulty arising from including
all known pathways associated with a biochemical event is that numerous chemical
species must be included along with appropriate kinetic parameters. The concentrations
of these species and parameters associated with their reactions are difficult to measure.
Modeling assumptions which limit the number of experimentally determined parameters
while not sacrificing qualitative or quantitative accuracy are valuable tools to be used,

-if possible, when model simplicity is desirable. The cybernetic approach to modeling
biological systems utilizes such a tool.

Cybernetic Modeling

The cybernetic modeling approach views the microbial cell as an optimal strategist allo-
cating a limited resource in order to maintain some optimal condition. The form of the
resource need not be specified explicitly since the instantaneous strategy of optimiza-
tion requires that the fractional allocation of this hypothetical resource must equal the
fractional return from that allocation [3]. Therefore, only the form of the return, i.e.,
the quantity the cell is assumed to be maximizing needs to be specified. The resource
has been hypothesized to be amino acids required for translation of key catabolic en-
zymes (5| and total transcription time allocated for transcribing genes coding for these
enzymes [3|. Explanations of what this hypothetical resource physically represents are
interesting, but the simplicity inherent in the cybernetic approach and the matching law
result preclude the practical value of such explanations since the cybernetic model does
not represent the mechanisms of resource allocation. The actual specification made for
what the return will be in the model must be chosen based on experimental observations,
and is not an unalterable feature of the cybernetic framework. The specific growth rate
is the simplest choice for the return since researchers have repeatedlv observed that the
substrate supporting the faster growth is utilized preferentially to substrates supporting
slower growth rates [7]. In addition, specific growth rate is easy to estimate through
optical density measurements and can be accurately represented by a tvpical Monod
form as was shown for the kinetic model;

dC

= = henC [—"i‘-—] ‘(s)

Ky + 35
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where the cybernetic variable, vy, represents inhibition/activation of the key enzyme
for glucose catabolism, e;, such that 0 < v; < 1. For example, if v; = 0, €; is totally
inhibited and if vy = 1, ¢; is at maximum activity. The rate equation for e; is written

as: : )
d 1dC
;tl = Qiuy ~ €y (C‘ dt ) e1f (9)

where u; controls the induction/repression of e, synthesis such that 0 < u; < 1. More

specifically, u, represents the fractional allocation of some limited resource needed for
the synthesis of e; and is defined in terms of a fractional return. The Monod type
induction term containing K., in equation 2 has been replaced by u, in the cybernetic
model. The rate equation for glucose is analogous to the kinetic version with the cy-
bernetic variables v, and v, incorporated for implicit activation/inhibition of e, and e,
respectively.

d_&l _  H&y ‘U]_C [ 31

_ .
= S A 10
dat Y |K+ 51} + vhrervz [Kg ¥ sg] : (10)

The non-competitive inhibition term of equation 5 containing K3 has been replaced by
v2. As expected, the induction and repression terms containing the constants K., and
K4 are replaced by the cybernetic variable, u,, for the rate equation of ej.

%62 = azupC - ex3y (11)
t

Previously, the return has been specified as a rate of growth [3]. In the present
system, the return is specified as the rate of substrate utilization. The rate of substrate
utilization and growth rate are simply related by the cellular yield. Therefore, the rate
of growth and rate of substrate utilization are essentially the same when choosing the
quantity the cell is assumed to be maximizing. However, if growth rate is chosen, each
substrate must have a corresponding maximum specific growth rate. For the glucose-
cellobiose system where cellobiose is hydrolyzed extracellularly, the specific growth rate
depends only on the glucose concentration. Hence, the rate of substrate utilization was
chosen as the form of the return in order to differentiate glucose growth from cellobiose
growth. The rate of glucose utilization is defined as:

peqnC 5
T = 12
b Y [KI + 31] ( )
and the rate of cellobiose utilization is defined as:
52
79 = ko€qVy | ———n 13
2 2€202 [ X, - 52} . (13)
Thus, the fractional returns can be written as:
™
U, = 14
[l (14)
T2 -
Uq = 1
2 ™ + T2 ( O)

The cybernetic variables, v;, which control enzyme activation/inhibition are written
as: (8]

vo= — (16)
maz;i(ry, r2) :

T
Vn = 11-
© mazi(r (1%)
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Simulation Results

Figure 3 shows simulation results from both the kinetic and cybernetic models. Sev-
eral characteristics of the experimental data are represented. The first is the sequential
utilization of first glucose then cellobiose. This results from the explicit glucose inhibi-
tion of 3-glucosidase in the kinetic model and the implicit inhibition in the cybernetic
model. The second feature is the change in the rate of exponential growth at the point
of glucose depletion. Since the growth rate depends on only the glucose concentration in
both models, eqns 1 and 8, the lower glucose concentration during cellobiose hydrolysis
accounts for the lower growth rate. Thirdly, the glucose concentration increases after its
initial depletion. Although the modeling assumption of extracellular cellobiose hydroly-
sis assumes all hydrolysis occurs outside of the cell, the magnitude of the increase for the
simulations is lower than from the experimental data. The reason for this discrepancy
in the magnitude of glucose accumulation is not clear. Incomplete parameter evaluation
could be the major reason. Although it is possible that due to model simplifications,
neither the kinetic nor the cybernetic model can accurately represent this aspect of the
system in their present form.

Figure 4 shows simulation results from both models for perturbed batch simula-
tions where glucose is suddenly added during exponential growth in the presence of only
cellobiose. The experimental features represented are an immediate increase in the rate
of exponential growth upon glucose addition, and a decrease in the rate of cellobiose
hydrolysis due to inhibition of 3-glucosidase by the increased glucosé concentration.

The final set of simulations in figure 5 is for growth on cellobiose only. Both
the cybernetic and kinetic simulations show the increase in the glucose concentration
presumably due to extracellular cellobiose hydrolysis. These simulations agree fairly
well with the experimental data shown in figure 2.

Conclusions

Both the kinetic and cybernetic models contain gross oversimplifications of microbial
regulatory mechanisms. Such simplifications are necessary for practical modeling pur-
poses due to the immense complexity of the actual biochemical pathways constituting
the regulatory mechanisms.

The distinguishing feature between the kinetic and cybernetic models is that
the cybernetic model assigns an invariant strategy to the cell which is assumed to be
sought by the cell’s regulatory mechanisms at all times. This teleological approach is
the basis of all modeling techniques categorized as cybernetic modeling and results in
fewer parameters which must be determined experimentally.

In view of the oversimplifications made in both models presented here, there is
a danger of creating parameters which become vague in their physical meaning or may-
not correspond to any phenomenon occurring within the microbial cell. Even in view
of such cautions, simulations from both models have indicated a good agreement with
the experimental data. Although this agreement is still at a qualitative level. there is
little reason to suspect that further parameter evaluations can not render both models
qualitatively and quantitatively more accurate.
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Figure 1: Batch Growth on Glucose and Figure 2: Batch Experiment with only Cel-
Cellobiose lobiose added
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